+ effect on the cell wall of the yeast Saccharomyces cerevisiae as probed by FT-IR spectroscopy
Introduction
The capacity of metal cations to induce competence of yeast and bacterial cells to exogenous DNA is the basis of biological methods in biotechnology and molecular genetics [1] [2] [3] . The most commonly used, efficient protocol, for genetic transformation of Saccharomyces cerevisiae is treatment with alkali metal ions. Li + ions are the most effective of all the cations tested, and the transformation efficiency is comparable to levels obtained by the protoplast method [4] . Li + ions enhance the transformation of intact cells, but no effect is observed on transformation of protoplasts, implying that Li + ions facilitate DNA passage through the cell wall [5] . The mechanism underlying S. cerevisiae transformation includes DNA attachment and penetration through the cell wall, although how DNA passes through the cell wall is not yet clear [6] [7] [8] . Cell wall density, thickness and structure are factors of major importance during penetration of exogenous molecules into the cell. However, despite the extensive use of Li + ions in yeast transformation protocols, the influence of these cations on the structure of the yeast cell wall has not been widely investigated and, therefore, remains unclear. The influence of Li + ions on the cell surface topography of intact S. cerevisiae cells was observed by atomic force microscopy and it was found that the surface of Li + treated yeast cells became much rougher [9] .
The S. cerevisiae cell wall is composed of three major components: β-glucans, chitin, and mannoproteins. Glucose residues are linked to other glucose molecules through β(1→3) and β(1→6) linkages and to N-acetylglucosamine via β(1→4) bonds [10, 11] . S. cerevisiae mannan has a linear α(1→6)-linked backbone with side chains of α(1→2)-and α(1→3)-linked mannose units. In S. cerevisiae, mannoproteins contribute to the regulation of cell wall porosity, and therefore control both the exit of secretary proteins and the entrance of macromolecules from the environment [12] . The cell wall mannoproteins of S. cerevisiae, which are extensively O-and N-glycosylated, are the most highly exposed cell-wall molecules [13] . Yeast Nand O-oligosaccharides contain mannosylphosphate residues that confer a net negative charge to the cell wall.
The aim of the present study was to determine the effect of Li + ions, as a transformation inducing agent, on S. cerevisiae cell wall structure. Two S. cerevisiae strains were used, p63-DC5 which has a native cell wall, and XCY42-30D(mnn1). Strain XCY42-30D(mnn1) contains a defect in α-1,2-mannosyltransferase synthesis, which is involved in protein O-glycosylation, resulting in structural changes to the mannan-protein complex.
The mnn mutants are blocked at various stages of outer chain elongation. The mnn1 mutant strain lacks α-1,3-mannosyltransferase activity and is defective in adding terminal α-1,3-linked mannose to both N-linked and O-linked oligosaccharides [14] [15] [16] .
Fourier transform infrared spectroscopy (FT-IR) was applied to characterize changes in yeast cell wall structure [17] [18] [19] . This method has been extensively used in recent years for the study of microbial surfaces, and the identification and classification of microorganisms [20] [21] [22] [23] .
Experimental Procedures

Yeast strains, plasmid and cultivation
The following Saccharomyces cerevisiae strains were used in this study: p63-DC5 (MATa, ade1, leu2-3, 112 his3), XCY42-30D(mnn1) (MATa, ura3, trp1, lys2, 112, Dmnn1::LEU2) . The plasmid pL3 (7.7 kb, multicopy, containing a 2.2-kb PstI fragment carrying the LEU2 gene, a 2.2-kb EcoRI fragment of the 2 µg plasmid DNA, and the sequences of bacterial plasmid pBR327) was employed in transformation experiments [24] .
Strain p63-DC5 and plasmid were kindly gifted by K. Sasnauskas (Institute of Biotechnology, Vilnius). Strain XCY42-30D was received from H. Bussey (Montreal, Canada).
Yeast cells for the spectroscopic measurements were grown in YPD growth medium (1% yeast extract, 2% peptone, 2% glucose) to exponential grow phase, washed with 10 mM Tris-HCl buffer, pH 8.0, concentrated (100 times) and incubated for 60 min at 30°C in 10 mM Tris-HCl buffer containing 0.1 M LiCl or NaCl. The control samples were incubated in 10 mM Tris-HCl buffer, pH 8.0.
Infrared spectroscopy
FT-IR spectra were recorded at room temperature with a Perkin-Elmer Model Spectrum GX FT-IR spectrometer. . Solvent spectra were normalized according to the association band of water at 2125 cm −1 and subtracted from the yeast-containing sample spectra.
Wavenumbers of the overlapping bands in the region of 970-1185 cm -1 were obtained from a curvefitting analysis based on the least-square method using Gausssian and Lorentzian functions [23, 25] . The number of components was determined from the second derivatives of the experimental profile. The spectra were analyzed using GRAMS AI software.
Transformation procedure
The basic protocol used for yeast transformation assays was that of Ito [1] . Yeast cells were grown in YPD medium at 30°C on a reciprocal shaker (150 rpm; stroke, 7.0 cm) to an absorbance at 600 nm of 0.4-0.6 (exponential phase). Cells were concentrated to a final concentration of 2 .
10
8 cells/ml and incubated in 0.1 M LiCl containing 10 mM Tris-HCl buffer, pH 8.0. After shaking for 60 min at 30°C, 0.1 ml of this cell suspension was mixed with plasmid DNA (15 µl of 1.0 µg/ml) and incubated at 30°C for 30 min. An equal volume of 50% polyethylene glycol (PEG)-4000 dissolved in 10 mM Tris-HCl buffer, pH 8.0 was added. After standing for 1 h at 30°C, the samples were warmed to 42°C and left for 5 min. The cells were washed twice with water at room temperature and suspended in 1.0 ml of water.
Solid agar medium YNB (0.7% yeast nitrogen base, Difco, USA, 2% glucose) was supplemented with 10 µg/ml of histidine and 50 µg/ml of adenine for selection of transformants of strain p-63. For selection of transformants of strain XCY42-30D(mnn1) solid agar medium YNB was supplemented with 20 µg/ml of uracil, 20 µg/ml of lysine and 50 µg/ml of adenine.
Transformation efficiency was defined as the number of transformants per 10 µg of plasmid DNA. Viability of cells was calculated by plating aliquots of the cell suspension (at a suitable dilution) on YPD agar plates (2% agar, Difco, USA).
The data represents average values ± SD of three independent experiments.
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Results and Discussion
Comparative data on transformation efficiencies of S. cerevisiae strains p63-DC5 and XCY42-30D(mnn1) are presented in Table 1 . Transformation-inducing effects of lithium cations was observed in both yeast strains, although the effect of Li + cations in inducing competence was reduced in strain XCY42-30D(mnn1). The lower efficiency of transformation of strain XCY42-30D(mnn1) may be due to structural particularities in the outer layer of the cell wall mannan-protein complex.
Transformation experiments were also carried out with 0.1 M NaCl to control the possible influence of ionic strength on the parameters of spectral bands. The transformation efficiency of p63-DC5 with 0.1 M NaCl was approx. 19% of that obtained with 0.1 M LiCl, while no transformants were observed after treatment of XCY42-30D(mnn1) with 0.1 M NaCl ( Table 1) . Our results are in agreement with the results presented by Ito et al. [1] , where a very weak effect of NaCl cations was observed.
The FT-IR spectra of S. cerevisiae p63-DC5 and XCY42-30D(mnn1) are shown in Figure 1 . The wavenumbers and spectral band assignments are presented in Table 2 . The spectral assignments were performed based on previously published data [26, 27] . Absorption of mannans and glucans -the principal constituents of the cell wall -are observed in the spectral region between 970 and 1185 cm -1 [26] . It should be noted, that bands of O-P-O groups and phosphate ester C-O-P stretch [28] also appear in this region, so detailed band assignments are difficult. However, it is generally accepted that the content of glucan and mannan in the yeast cell wall is much higher than that of phosphates [10] .
Definite changes in position were observed for the β(1→3) glucan bands depending on the strain, whereas the position of both mannan bands was practically unchanged (Table 2) . Changes in band intensity could be seen from the difference spectrum presented in ) and tentative assignments of FT-IR bands of S. cerevisiae p63-DC5 and XCY42-30D(mnn1). . Difference spectra (dashed line) are shown. In the subtraction procedure, the spectra were normalized by the intensity of the 1454 cm −1 peak.
linked mannose unit to form the mannotetraose side chain. It is known that in the cell wall of XCY42-30D(mnn1), α(1→6) connected mannose molecules dominate, and may exist as chains of the two units [14] . Since the mannans in p63-DC5 have three or more mannose units α(1→3) linked, and the α(1→3) bonds are dominant, we suggest that the decreased amount of α(1→3) linked mannose in XCY42-30D(mnn1) cells can be compensated for by increasing the synthesis of β(1→3) linked glucans, which determine cell wall rigidity and stability. Thus the XCY42-30D(mnn1) cell wall may be thicker than the cell wall of p63-DC5 and this may be the factor responsible for lowering the transformation efficiency. On the supposition that Li + ions can affect the molecular structure of the yeast cell wall and Figure 2 ). The data shows that the band positions of the carbohydrate groups of strain p63-DC5 are not influenced by Li + cations. However, treatment of XCY42-30D(mnn1) with Li + ions shifts glucan band positions by 1-3 cm -1 . We assume that Li + ions did not change the interactions of carbohydrate groups with the surrounding medium in strain p63-DC5, rather the cell wall of XCY42-30D(mnn1) underwent conformational changes affecting the ability of DNA to penetrate into the yeast cell. Li + ions could not change the content of the major cell wall components, however they could modify the surface of the mannan layer and as a result the surface of the yeast cells could become more porous and this could facilitate the penetration of DNA through the cell wall. Our findings are in agreement with results presented by Chen et al., who observed changes in the surface of intact yeast cells affected by Li + ions. Atomic force microscopy revealed that the cell surface became much rougher and wrinkled after incubation of the yeast cells with Li + ions [9] . There is evidence that lithium can affect the structure of DNA. According to molecular dynamic studies, Li + ions can bind to the DNA phosphate oxygen atoms and are capable of making stable ion pairs. Differences between Li + and other alkali metal ions can be explained on the basis of a higher number of water molecules in the hydration sphere of lithium [29, 30] . It is possible, that a complex of DNA and lithium ions is more suitable for the transformation process. The effect of lithium cations on the transformation process of S. cerevisiae is ambiguous and multi-functional and further research is required to fully understand the processes taking place during penetration of plasmid DNA.
